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FOREWARD

- The main body of this report is being presented by Mr, Jerome J,

- Vorachek (Project Engineer) and Mr, George R, Doyle, Jr. The
equations of motion were derived by Mr, Doyle who would like to
thank Mr, Bernard Burzlaff and Mr, Nicholas Odrey for offering
suggestions and reviewing the mathematical approach and derivation

e of the equations, This derivation is presented in Appendix A,

< Appendix B contains an sxplanation of the computer program used to

obtain the results, This program was written by Mr, Doyle,.
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SECTION I - INTRODUCTION

The desire to place a payload at altitudes of 100,000 £t and to be able {

— to retrisve it prompted a study of the ascent and descent dynamics of a

= balloon-tether system., The basic incentive of this study is to establish
the feasibility of deploying and retrieving high altitude tethered balloons
through high wind velocity regions at intermediate altitudes, It was necessary

to establish the technical ability to analyze such a system, and to develop a

e erai ey s oS itel

~ computer program which would define the dynamics of the tether and balloon by

- integrating the equations of motion., Lagrange's equation was used to derive
the equations of motion; Runge-Kutta numerical integration was used to solve

the equations of motion; and the computer program was written in Fortran IV

for the IBM 360,

B The system is assumed to be comprised of rigid bodies commected by frictionless

l: R hinges. The tether is simulated by “N" straight links, 411 of the links

2 Z‘ are the same length and grow at the same rate, but do not have the same weight

- g or aerodynamic reference arsa. For this preliminary study, the balloon ‘
< % is considered to be a thin spherical shell which expands as it rises in -
f: §- proportion to density ratio change with altitude,

The results of a limited number of computer runs is being presented not as an

—

extensive study of - balloon-tether systems, but rather as a demonstration {
-4
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that such gystems are feasible under certain conditions, Also presented is an
understanding of the abilities and limitaiions of the computer program to
simulate the system, The major emvhasis is placed on ascent and descent

-] through a Summer I wind profile, A more lirited effort is also presented on

b ascent and descent of a balloon in a Winter I wind profile,

-} Figures 1 and 2 show the Summer I and Winter I wind profiles as the computer

T interprets them, Sumer I 75 percent and Winter I 75 percent wind profiles may 1
o

be found in Reference 3. Summer I 90 percent, 95 percent and Winter I 25 nercent

come from Reference |,

[}
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SECTION II - RESULTS OF ASCENT AND DESCENT FEASIBILITY STUDY

The feasibility study was conducted using two balloon-tether system =

one suitable for Summer I wind conditions and one for Winter I wind conditions.

A description of the balloon-tether systems is given in Appendix E-2 and B-6,

The design of the systems is further discussed in Reference 5, The basic criteria
of each system is that the balloon support a cable (factor of safety equal 2,

at 100,000 £t in a 75 percent wind profile, This defines static conditions,

It is tie purpose of this study to determine whether or not the same system can
satisfy dynamic conditions of ascent and descent. In general, it has been

found that some conditions can be satisfied and some can not, but this study

does not attempt to define limiting conditions, Effects of wind profile,

winching rate and balloon size are established,

In order to show that a zero drag tether does not adequately simulate the

balloon trajectory, Figure 3 is presented. An obvious divergence can be seen
above 20,000 ft, At 40,000 ft, the divergence becomes more pronounced, This

can be attributed to the fact that the region of high dynamic pressure is

between 35,000 and 40,000 ft. In one trajectory, the system still experiences

the high dynamic pressure through the tether even though the balloon is approaching
a lower dynaric pressure region, In the other, the system experiences only the
dynamic pressure at the altitv’e of the balloon causing it to start to drift back

to the vertical,

SRR b bt
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Figures L, 5, 6, and 7 demonstrate the effects uf pay-out rate, It is realized
that a rate of 3000 ft/min is pushing the "state-of-the-art" of winches,

However, a more reasonable rate of 1000 ft/min pushes the strength of the tether,
Figure lj shows that a pay-out rate of 2000 ft/min is fast enough to allow the
balloon to transverse the high dynamic pressure region before it is blown

down range, A pay-out rate of 1000 ft/min is too slow, Figure 5 further
justifies a pay-out rate of 2000 ft/min. A 1000 ft/min pay-out rate is
dangerously close to the ultimate cable strength, while a 2000 ft/min pay-out
rate seems to maintain a factor of safety of 1,6, Figure 6 shows that the
tether is in no danger of breaking at the balloon for any pay-out rate,

Figure 7 considers the dynamic pressures acting on the balloon as it ascends.
Such results would be important when designing the balloon structurally,

A graph of dynamic pressure versus altitude is presented for each run in

the results, Their importance is obvious at this point and will not be discussed
further,

The second set of Figures (8, 9, 10, 11) compares the effects of three different
Summer I wind profiles, It is clear (from Figure 8) that the 30 million cubic
foot balloon lacks the buoyant 1ift to pull it through the high dynamic pressure
region in a 95 percent or 90 percent wind, However, this same balloon will
ascend in a 75 percent wind, The increasing range at the high altitudes

for the 75 percent wind can be atiributed to the increasing tether weight.
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The net vertical force of the system has decreased to such an extent that

it is comparable to the horizontal drag acting on the system, Consequently,
the horizontal drag force effscts the balloon!s motion as much as the vertical
forces, Figure 9 also demonstrates that a balloon of this size will break

its tether if launch is attempted in a 90 percent wind, But an ascent in

a 75 percent wind does not seriously stress the tether, Figure 10 indicates
that the tether strength at the balloon is more than adequate for a launch

in a 75 percent wind.

At this point, it was reasoned that an excess of helium at launch would give
the balloon more net 1ift, thereby allowing it to vass through the high dymamic
region before it was blown down range, The rcsulis of a Summer I - 90 percent
wind profile are presented in Figures i2, 13, 1k, 15, As was expected,

the ascent was accomplished as can be seen in Figure 12, However, Figure 13
clearly shows that the tether undergoes greater stresses and actually reaches
its ultimate cable strength quicker than the normal balloon does. Figure 1l

also shows a large increase in tension at the balloon,

The next endeavor was to study descent trajectories in Summer I wind profiles,
First consideration was given to variable descent rates in a 90 percent wind
(Figures 16, 17, 18, 19). It should be noted that the balloon used in this run
is the 30 million f'b3 balloon with 20 percent of the helium valved., This would

result in a buoyant 1lift which v_:/ould suppoart the tether payed-out when the

| Mo
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balloon is at 50,000 ft in Figure 8, Figure 16 simply shows that & slower

winch rate allows the ballocz to be blown down range a greater distance

than a fast winching rate, This is to be expected, Figure 17 leaves no
I -I doubt that an attempted descent at any rate would stress the tether beyond
I . its strength,
I Figures 20, 21, 22, 23 Compare the descent of the normal balloon with the
I one discussed above.(20 percent helium valved), A Computer run with 33.3 percent

of the helium valved wag also ran and plotted. Tension values are not availabe

H for this run,

In order to demonstrate a successful descent tra,jectory,,a 75 percent wind was
used, Figures 2l, 25, 26, 27 show that it ig possible to retrieve in this
wind if a slow winching rate is employed, Even at 200 ft/1dn the factor of

- safety approaches about 1.3 at one point along the trajectory,

A second, larger balloon was simulated for winter wind conditions, Observing
that a Winter I-25 percent wing profile is similar to a Summey I-75 percent

wind profile, it is rsasonable to expect similar results, Comparing Figure 28

-4
»

~6u){7d.

with Figure }, both trajectories of 2000 ft/mn are very close. Also, Figures

29 and 5 predict about the same factor of safety at the winch throughout the

REF: ENGINEERING PROCEDURE 5.017

trajectory,
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After valving out 19 percent cf the helium, a descent trajectory was
attempted from 50,000 fv, Figures 32, 33, 3L, 35 show the results., As
in the previous ascent, this trajectory compares favorably to a descent in
a Summer I-75 percent at 200 ft/min, except that the dynamic pressure is

50 percent higher.
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SECTION III - CONCIUSIONS

The results of this preliminary study indicate that it is feasible to launch
and retrieve high-alti'md,e balloons under certain conditions, It has-been
shown that a 30 million ,f%.a balloon can be launched in a Summer I~75 percent
wind profile at 2000 ft/min, and retrieved in the same wind at =200 ft/min
with 20 percent of the helium valved off, Although launch and retrieval

are possible in the Winter I wind profile, it is more restricted, The

79 million ft3 bal]'.oon in the Winter I 25 percent wind show results similar

to the 30 million_ft.3 balloon in the Summer I 75 percent wind,

The results of this feasibility study can be used as preliminary design
criteria for components of the tethered balloon-systems-balloon, tether
and winch,
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SECTION IV - RECOMMENDATIONS

Since this repert presents the results of a feasibility study, the only
immediate conclusion reached is that such a system can achieve the desired
objective of deploying ieinered balloons through high wind velocity regions
and retrieving them, 8ince the physical description of the balloon and
tether are somewhat idealized (Appendix B-2 and B-§), no attempt was made to
study the sysiem in detail, It is recommended that a balloon-tether system
be designed and ite aerodynamic properties determined, With such a system,

a detailed parametric study could be achieved,

Further recommendations (relative to the computer simulation) are made at
the end of Appendix B,

i Tt
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APPENDIX A
Equations of Motion

General

Using Lagranglan techmiques and assuming the system can be simulated
by a tether of "N* straight links with a balloon hinged to the top
link, two differential equations can be derived. The position of the
winch on a flat non-rotating earth is considered to be the origin of
an inertia coordinate system., The first equation expresses the motion
of the balloon about its hinge point; and the second expresses the
moi;ion of any link about its lower comnection point, The derivation
and notation follow very closely the work of Professors Odin R, E]_nan

and Carl T, Evert (Reference 1),

Lagrange's differential equations of motion (Reference 2) for the

system are:
d /aT)_ 2T _r
at {08/ 20 O =
d /2T\. 28T .f
dt(aﬁ,) Y at

where the generalized coordinates are @ and ¢r (r =1, .o.y N), the

generalized forces are Fg and F¢ (r =1, ooy N) and T is the total
r
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kinetic energy of the system, It should be noted that the coordinate ¢

could be chosen as ﬂn +°

Cable Representation

The tether (as shown in Figure A-1) is represented by "N* links, each
of constant length., However, ihe length as well as the mass of each
link is assumed to be a function of the winching rate and cable profile,
Each link is considered rigid, and each hinge frictionless, Therefore,

all forces but no moments can be transferred through a hinge.

Figure A-l - Tether Model
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The angle that each link makes with the horizontal (measured positive for
counterclockwise rotations) is f; (1 = 1, «cey N)o It is assumed that all
external forces acting on a link can be concentrated at the geometric
center of the link, This introduces an obvious error for both the aero-
dynamic and gravitational forces, However, since the ability to locate
the center of pressure and center of mass for each link contributes to
the complexity of the derivation and computer simulation, it seems

reasonable to ignore the error at this point,

A typical link is shown in Figure A-2,

Figure A-2 - A Typical Link
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P:I.* Jenotes the mass center of the "i®th link and is assumed to be a

distance of £,/2 from the hinge point P, ;.

For one link:
— ch PUNN
. p,* jc y lc -
= _=h 15 2/ 1
T =V egmhe = (k)
= = -y 1 -—
VP]' = lcl ¢1 e * £cq & (5)
vhere T, is the position vector from P, to P,¥.
For two 1inks:
. =3 Pz* P i P2*/P1
Ty = Vo =¥ 1LY 6)
P/,
where V denotes the velocity of P;* relative to Py
N P */P [02 e ./ Zcz =
7271, 8,5, +—5 (7)
P ¥ O fc . l
-t 49 . - 2 -y 02 -t
\ -[clﬂl '5"{ + Mo 8 v ¢292+—2— ey (8)
In general: n-1 )
DR Al B ) = Ecn' =/ ch =
r, =V -2[‘:1 s 8’ + ilci ei+—2—-¢n et =7 ¢, (9)
i=1 i=1
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P 3 S
v - i [ci gey + f [ci o, (10)
i=1 i=1
Therefore, the kinetic energy of the tether is:
3 P ¥ .
toe 5 [bmy @ "2 i1 4] (1)

n=1

If each 1ink is assumed to be a uniform thin rod the moment of inertia is:

2
22

I°n =N —1-2— (12)
To = % [%mcn (VP“*)Z*f i me 2&2} (13)
n=1 _ZIH n *Cn

Other useful relations to be used later are:

Lp* 0 n{r
n -,
S -l ne (w)
r -
‘2°r 6;. nor
F* 0 n<er
='n o 1
‘?T"’ Ao BB te ho 2 nex (15)
by
‘lcr¢r3;-/’+“ lcr 'é;f nyr

A-5
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3. Balloon and Harness Representation

)

The balloon barness (denoted ‘my[h = radius of balloon) is considered to

be normal to the balloon!s longitudinal axis at all times, The balloon

has "directional mass" M; and M, along and normal to the harness and
concentrated at the center of gravity of the balloon (Q), Since the balloon

FE——

%_ i is assumed t¢ be an expanding sphere, the "directional mass™ M and M

i - are equal and concentrated at the geometric center of the sphere as shown
in Figure A-3,

3

] I

]
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Figure A-3 - Balloon and Harness
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The kinetic energy of the harness plus balloon is:

balloon about Q,

It follows that:

ul F N N
—‘PN"']. =N 1 . —/ y ’ Y .
- — - -,
v =V + th ¢N+l eN"'l 2[01 ¢i ei + chi ei - '%‘ h e 6N+1
i=1 i=])
N N Qan)
—\Q p iy’ - o=y,
v =£[ci ¢i N +£[°i 8 ']h e o (18)
i=] i=]
3%
)y D3
0"y .y 5y
0 £, r g, o
3¢
QV)PN"'I o~ m -y
R T ralh )
A+l
— &N
av ” =, QVQ - -—t
) p ='[Cr¢r r lcr e Tﬂ'jc ¢r r+2c r
r r
3
QFPNH' [ Q?IQ p
. . %— e ; T é :
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ko The Inertia Terms
The total kinetic energy is given by the sum. of equations (13) and (16):

2
— B 2
fl[*MW &t [Z i) em L@

3t

-P
*%ﬂh(v Sy ¥rim Boy)2+im W, ) +3 @ (20)

N *
: Z -‘.;Pn/ 8/ + -.Pr [o o+ lcr i
oF " LlMen ¥ Fer® tm Vet - &
n=r+l ’
_u-'PN+1 o
+"hlcr° +H].-VJQ‘°N+1[¢T r’°N+1 MQWGNH,[C!. 8p- Nl
(21)
Note that the following relations exist between the unit vecters,
= Y — SLA —
en’ =Ny cos #, - Ny sin g, 6, -'ﬁalcos¢n+N231n¢n
iy ad — s — —
o, =Nycosg -N sing ey =Njcos @ +N,aln #y (22)
[y - -— _a — -
e, -Nzcosﬁ’r-Nlainﬂr 8y - Nlcos¢r+stin¢r
— - - 3 =t =
eys) = Np 8in 0 = Ny cos @ eys1 " Ny 8in 0 + N, cos

A8




R

E-ID~15( 7-64)( 77-10)

REF: ENGINEERING PROCEDURE S.017

GOODYEAR AEROSPACE

CORPORATION

GER-1371)

Using equations (9) and (22)

% n-1
Py

. N .
v -’e}'-i-il ciﬂicos (¢i-¢r)+ éicismwi'ﬂr)

Lo '
+ _%n_ #,, cos (4, - g.) + é:ﬂ sin (¢n - ¢r) (22)

pi r-1 . ? y [
b -7 ¢ y
7 r,er.ié[ci g, cos (¢1-¢r)+i_1101 sin (B - fh) + 52 4 (a)

Using equations (17) and (22)

—‘P*-i- - N 7 . J
v l-er -Z[ci #; cos (25 - #.) + f‘é’ci sin (g - #) - %/h @ sin (6 + g,.)

i=] i=] (25)
Using equations (18) and (22)
a5 4 N . N -
W. One1 ™ [/ci ¢i cos (f#; + @) + { [ci sin (0 + ¢i) (26)
i=] i=]
N ) N .
w. 'SN;]_ - jél [ci ¢i sin (¢i +Q) - j_i-]_[ci cos (@ + ) '[h 0 (27)
Also:
'é;."e‘Nﬂ = cos (@ + #.)
(28)

’é; 2 E.N'i'l =sin (0 + f)

A-9
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Therefore Q-L may be written as:

3r

'7?7‘:_' ;{“'J"r[?lﬁ"’i cos (fy - fr) *?fé sin (B - 4)

n=r+l i=] is]

+!;-cl’ﬁ.3ncos (¢,,-¢)+£Zl‘-m(¢ -¢)]}

2

12

r-l 1
AT RS S

i=1

+50°rL.£-1l°1’31°°’ (¢1'¢r)+zﬂc sin (f,- #,) - [ ¢ sin (0 +

i1
i H’lﬂcr[m (0 + @)é{i[ci g, cos (g, +0) + éljci sin (0 + ¢1)}]
m, fcr [,in (0 + ¢:){%jci g, sin (0 + §) - {N/ci cos (0 + @) -ﬂh 6ﬂ
- - (29)
Likewise:

_%Ih °“"th+1 9"‘{+1+M1vqe W -

N+l 3o tON+L

+ W3y 'a"? S * Ip 0 (30)

A-10
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| -—-0{5+ 24 wA} chiff sin <¢1+o>{1+uf

1m1

= {f [ cos (d; + 0){ HZ} (31)
E i=]

The time derivative of equation (29) 183

N n=-1 n-l
_Eaﬂ) f{ Z&ﬂcos(ﬂ ¢)+{fc sin (g, - ¢.)

} n=e+] i=1 1
| + [;nﬁn cos (4, - #.) + jZn sin (¢n"¢)]
| -J A n-1 N=1
! + mcnfcr L{-lﬂci #y cos (g - g.) + élici sin (f; - ¢.)

% éjn cos (d, - g.)+ z;_g sin (¢ - ¢r)]

e %
S —

n-1 n-1 .
A [{%igsim @ - g,) + f L.y oo @ - )

REF: ENGINEERING PROCEDURE S.017

g:, i=1 i=]
j § n-1
K -4 o, by o0 @ - ¢><¢1-¢]
i=]

(continued on next page)
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f
- .1‘. n-1

+ .cn‘pér[%’lli ”in (ﬂi - gr) +‘f/£%i cos (ﬂi o Qr)(ﬁi - ﬁ )
r i=1 i=1
{ ve . 3

+-£—;r-‘ain @, - ) +g;‘-coa (ﬂn-ﬂr) (ﬁn-ﬁr)l

+ luallq"[£%5- én cos (f, - #.) + é%&. b; cos (B, - 4.) 5

! | -L:”ﬁnain(ﬂ-ﬂ)(ﬂn-é)]}
| *ﬁcr]%’-{li & o 4 - ¢>+£/;ism(¢ m
§ ' #1-1 i=3
¢ fr-1 r-l
B} l_;,_z/[ #y cos (¢, - ¢>+f@ sin (g, - ¢) |
X |11

1'-1 1

* g oy f L, % oo 8 -8, - f Loy 9, o1 (8 - )8, - 4)

. a1 i=1 '
| g f by, con 8, -4+ { Lyon @ -5+ f Fe, ooaiiisg -;(Bi-ér)}

: i=] i=1 i=1

2

B-ID-125(7-64)( 77-20)

s ’[2 o+ [cr jcr ’ér |

1
!_. RLIRS &

i=]1 i=]

-

mh[ [[[c ¢icoa(2$ ¢r)+£ﬂciain(¢i ¢)-§[ Osin(0+¢)3
i

|

|
|
|
|

(continued on next page)
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l

é‘ +1%% Z‘&iéic“ (¢1'¢r)+z_l[cib:1°°s (pi-ﬂt)

? } i=1 i=1

;, N

il -Gl B Gy -8 G, - fé,)]

'] i=1

:d |y N )

f 1} + mh[crz I"i gin (g - 4.) +[fci °°s(¢i'¢r)'(éi‘¢:r) 2 %'yh o sin(g + B
i=1l i=1

3] Gcos (049 (6+93j]

: 3 o M
8 M1'/<= [cos (0 +4.) chi ‘81 cos (g + ) +Zﬂci sin (@ + ¢1)ﬂ
: T
Dad i=] i=]
o ’ N N,
] g lecr -sin {0+ 4) (@ + ﬁr)gfléi g, cos (g, + ) + ZAi sin (¢ + ¢1}}
: '! \‘ =]l i=] .
S ) N N
B § + M, ﬁcr cos (@ + ¢!‘)[Z[°i éi cos (¢i + Q) +Z[ci Bi cos (¢i + Q)
N : = i=1 i=1
IR y )
SER _{] g, sin (f + o) @, + o)l
A ° "1 i 17
! i=]
i (continued on next page)
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N

4 icr[cos (6 + #.) E’Z’i sin (0 + g#4) + [ci cos (0 + ¢i)(d + ¢i)}
-=]

i

;

i=1 L

o N N |
+M2[cr .sin (0 + %){élfci By sin (0 + ) = 12.1/2’1 cos (6 + ) -[h b}} :

N N 4
cos (0 + @) (0 + i’r) f[éi 9.51 sin (0 + ﬁi) = Z[ci cos (0 + jéi)-/hé}-i

i=1 i=1
N l
+M2 [cr[sin (0 + ¢r) z‘&l ﬂi sin (0 + ¢i) + {41 ¢:|. gin (0 + ¢i)
i=

1 i=1

N
! chi ;61 cos (0 +4,) (0 éi)}]

i=1
N . N ‘ )i
+lec,{sin (0 + #r) - {1@1 cos (0 +4;) + il@i sin (0 + #,)( + p1)- 4, "ﬁ-
i=1 i=1 4

(32)

It should be noted that the time derivative of £} and m, has been excluded
in equation (32)., Since A} is the radius of the balloon, its mass is zero
and therefore, also its time derivative., The radius does change, however;

but its time derivative is small when compared to [c and is therefore ignored,
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The time derivative of equation (31) is:

(55 b Ao

0
-F%L«»MJ{A[ ¢isin(¢j+0)+[/h[ ¢ sin(¢i+0)

i=1

N
+{/h /ci éi cos (¢i + 0) (bi + é)}
i=1

(—— + N% {[h ci cos (¢ + 0) - {/h °i sin (ﬂi + 0)(¢i + 9}

i=1
(33)
Referring to Figure A-3:
LY . -
) o N+1 90 N+1
N 3
* 3
P
P N+1 -
= N+1 v NN &VQ —
+m v . —L + M VR, B . e
azsr & Ih 1T T

- -, )w i,
I (35)
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GER-1371h
Expanding all the terms in equation (35) results in:
N n-1l n-1 .

-;;;- fmcn {'["1¢i£’r¢r81n(¢i-¢r)+z ﬂ,i[crﬁﬁicos s - 2.)

n=r+l i=] i=]

n-l n-1l ) r

- Z ﬂ’i /cr ér cos (¢i - 4.) +{ /"1 [cr sin (g; - ¢r)
i=]1 i=1

[c - ¥ A . [
b e dootn - h) + g D cos (8 - 1)
_[:n Ar ¢;‘ cps(%,¢r)+ [:n Ar sin (¢n - ¢r):' .

r-l [ r-1

ek Z /ci ﬁgi —:-L ¢r sin (f; - #.)* Be { [ci bi &;- cos (¢i - 8)

i1 1=]
r-l f r-l [

ey { Loy = B cos By - f) + me, {["i’:’r‘sm @ - £)
3 i=1 i=1
g N N
: . , 2
[ fagnen
1 4=1 i=1

B-TD=-15(7-64)(77-10)

N N
+ ({ﬁci ’81 ]Gr ) {Ici [cr ¢I‘> s Uy - %) - %/h éj"r b" sod {fr %.8)

i=1 i=1

- -&ﬂhéﬂ;r st <°+¢r>1
1

(continued on next page) A-16
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N
M |- {ﬁ’i ﬂfi cos (f, + 0),0% ir sin (9 + #.)
i=1
N .
- g [ci sin (0 + ¢i>ﬁ=r B, sin (o + )
i=1
N ’
+ { ﬂ’i éi cos (@ + O)ﬂcr cos (0 + )
i=]
N . s
+ Z [ci sin (0 + ¢i)jcr cos (0 + ¢r)]
i=]1
N
M Zﬁ’i g, sin (4, + g)/cr B, cos (6+4)
i=1
N )
& ZZ:L cos (0 + ¢i)/cr ﬂ;r cos (0 + ¢r)‘fh éﬂcr ﬁ!r cos (0 + ¢r)
i=1

N . N .
+ {/ci éji sin (¢i + Q) ["r sin (o + ¢r)- ZIC;L cos (O+¢i')[°r sin(0+¢r)

i=] i=1

-/h Ojcr sin (0 + ¢r)] (36)
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Similarly,
# 3
QT -thfPN*l szNﬂ cuvs e 279 2 Q JeNa
e ) l‘11 N+l 29 N+1 20
Q -b/ b Q 9 e/ B
eN+1 [ N 1 s '5':!2] (31)

Expanding all the terms in equation (37) gives:

Y 7 b
stonf ftihomernr i b imen]

"i=] i=1
M Z’&i gy cos (g, + 0) {f ¢1 sin (0 + #;)
' 1=l
N . N
Z‘Zi sin (0 + #, { -[ci ﬂ.ii gin (0 + gSi)
i=1 i=1
{p ¢C°8(0+¢i {/ cos (0 + ¢
i=3
+Z'ﬁ:i sin (@ + ,/chl cos (& - ;éi
. 1= /

+M2 i [ci p; sin (¢1 + Q) é/cl i cos (0 + @)

5y i=1
(continued on next page) A-18
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N N
*{ ﬂ:i”ii sin (8 +0) {ﬁi oln (°+¢i)
1=l il
N N
-( ﬂci cos (0 + ¢i) f/"i ¢;_ cos (@ + ¢i))
iml iel . /
N N
-({/ci cos (6 + ¢1} f[@i sin (6 * ¢1))
i=1 i1
N N
- 'Ih b({’&i éii cos (0 +4,) + {j"i sin (@ + ¢i))] (38)
i=1 i=1

Substituting equations (33) and (38) into equation (1), cancelling like

terms and solving for O yields:

N N
5-{Fg-é iB *E’Q +;h4[/?1[c({ éi2 cos (¢i+0)+Z b;_ sin (¢i+92]

i=1 i=]1

N
" +[hwhjc ' °mh[h} f B sin (04 4,) +[M2 'Ml].

i=]

N N N
Pc Z éi sin (0 + g;) (ﬂc { ‘31 cos (¢i + Q) +/é f sin (0 + ¢i))
i=]

i=1 i=]1

(continued on next page)
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N N . N
_ﬁ: f cos (¢i + Q) [c Z ;51 cos (¢1 + Q) + [c { sin (@ + ¢i))

i=1 i=1 i=]

|
!
i
|
(IB ; /hz[ L nz]} o |
|

K

Substituting equations (32) and (36) intc equation (2), cancelling like
terms and solving for dr yields:

N n=-1 ;
. . g0 ; . i
g. = F¢r - f [(mcn Ic *2me [c [c) { fy cos (B, - 4.) ;
n=r+l i=1 H
n-1 n=1
' y / 2
o mcnﬂc A Z sin (¢, - #4) ~ mcn[cz i xsiz sin (g - 4,)
i=] i=]
12 . 2
+ (mcn -—g— g+ mcn/c [c g, + me /7"_ ¢n) cos (g - ¢r)
z : 2 r-1
g *(mcm ﬂc2 = - mcnjjc_ ¢n2) =2 (¢n - #) +[c2 man }Zi e (¢i - ¢r)j)
i 1=1
; o N n-1
g 2 - j 2 Z g. cos g -4)
g8 c Tty i 17 %
n=r+2 i=r+l 4

(continued on next page)
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] { 3

] -(m J*%ﬂf)f ¢1°°s(¢1'¢r)"

rf =1

" r-l

| ( )[/ g, cos (3 - g,)

" i=]

Il I)["{ sin (8, - #,) + n, ’/"{:di sin (9 - 4,)
i=1 i=]

. N
'(“‘cr/c *2 “‘cr/c) '% ho-2nl ], { By con @, - 4,
i=]

-m, f° {9’1008% ¢>+mhi Zfd sin (g, - #,)

Al i=r+l : i=]1

+mh£°2ﬁ b.sin(0+¢r)+ }ﬂhOZcos(o+¢r

) P&[(Zycjc cos 0+ ) - fe¥ atn (0 + 2.) 6) Z By cos (g .+ o)

[SR——

E-ID-15(7-64)(77-10)
REF: ENGINEERING PROCEDURE S.017

N i=]1
-ﬂcjc sin (6 +4,.) 6 Z sin (0 + ;)
i=1
r-1
+[c cos (O+¢)({ ¢lcos (¢i+g)+ { ¢ o (25 + 0)
(concluded on next page) 1=r+1
A<y
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N N N
-Z 9312 sin (‘0 + ¢i) -9 {ﬂi sin (f; + 0)) +]i= ﬂc cos (o+f.) ) '{cos(m—ﬂii_

i=l i=1 i=]

N
-'-Mz[(zﬂc /c sin (0 + g.) + /2 cos (0 + ) é) Z g sin (o + 4,)

i=]
N
-]c ﬂc cos (0 + f.) 0 { cos (0 + fy) +/c2 sin (0 + ¢r) .
is=]
r-1 N N ‘
{ b'i sin (0 + ¢r) + { b’i sin {0 + g, )+ {éiz cos (0 + )
i=]1 j=r+) i=1
N ] N
. /o .
+ 9 2 ¢i cos (0 + ¢19 +[c [c sin (0+g,.) Ofsin (0+4)
i=] i=1

'yc[h(éz cos (0 + ¢r) + 0 sin (0 + ﬂr))}}/

N

2 m[mcr i 2 2
2710 me +1° I...B,___ t oy + M) cos® (0 + @)+ M sin" (04 ¢r)
=T (ko)

Note that Pci and lci have been taken out of the summations because each

link is assumed to have the same length and same time derivative, Terms
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involving jci are set equal to zero,
5. The Generalized Forces
The generalized force FG is given by :
* N %
Py P
—_ o °N+L = s =°n
FeF 0 g .08, /3.7 ",y (L)
e N1 3§ Q.4 n 24
n=l

where
F0 is the external tarqus acting on the balloon

—

FN +1 18 the applied force acting on the harness

FQ 1s the applied force acting on the balloon

:F_;l 1s the applied force acting on the nth 1ink

M 1s the applied moment about the center of mass of the balloon
=IPE

From equation (9), V ™ is not a function of 9.

The applied moment about the center of mass is:

s
PX:

Moo= oMo+ 6+Ms (L2)

where:

Ma is the aerodynamic moment
)Ma 2
-5-_—- is the aerodynamic damping moment
e
M; 1s the static moment due to buoyant 1ift
A.23
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Since the balloon is spherical, the buoyant farce is concentrated at
the geometric center, and My = O, A spherical body also has a zero
aerodynamic moment, If viscous effects are ignored, the aerodynamic
damping moment is zero, Therefore, equation (41) simplifies to:

3
< ) “,‘ Pya

- 379
F° - FN+1. _—2 0' + FQ.L_;é (h3)

e
FQ repregsents the farce vector acting on the center of gravity of the

balloon and is given by:

F;-Hul»flai; (4h)

where H is the horizontal force and B is the vertical farce as shown in

Figure A-llo
B Ve
i Vg = Balloon velocity
Vg = Wind velocity
V; ?\
p e .
T«
2
Pw ﬁ‘
Dg

Figure A-li - Forces Acting on Balloon
A-2)
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The forces that Contribute tc B and H are the buoyant force, the weight
of the balloon structure s the weight of the helium inside the balloon and

the drag forces,

The total drag force is Dy = Cpy g Sy (4s)

CDB is assumed to be constant and equal to ,15

SB varies and is equal to 7f[h2 ~ £1t2

Qg 1is the dynamic pressure acting on the balloon relative to the
air . 1b/rt?

In this case, not only is the balloon noving but a variable wind is acting

on it. The wind velocity is a function of altitude, At any time, the

wind velocity is considered constant and equal to the velocity of the

wind at the altitude of the center of gravity of the balloon, This assumption
eliminates an aerodynamic moment which probably does slightly effect the
motion of large balloons, If the balloon is moving vertically with a velocity
z and horizontally with a velocity % and the horizontal wind velocity is

Vg than the dynamic pressure is:

% 5. ,o[(,; S AL 52] (16)

-
The drag can now be broken into two Components, one in the Ny direction and

one into the -132 direction,

A2s
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Referring to Figure A-l:
«= tanfi/x - 7)) (47)
Then the forces on the balloon are:
B = LS-wH-wBS-DVB (he)
H = - DHB ('h9)
where:
IS is the buoyant force of the displaced air
WH is the weight of the helium
WBS is the weight of the balloon structure
DVB is the drag force in the vertical direction
(positive down) and is equal to:
DVB = qB SB CDB sin & (50)
DHB is the drag force in the horizontal dire 'tion
(positive to the left) and is equal to:
Dyy = 9y S Cp, co o (51)

Since the harness has no weight or aerodynamic forces acting on it,

—-—

FN+1 =0 (52)

A26
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Therefore, .when substituting equations (29), (L) and (52) into (h3))

the generalized force on the balloon becomes:

F, = ifl +BX,) (-[h 41 (53)
Simplifying
Fg -Yh [-BsinO+Hcos O] (54)

From Figure A-l, it is obvious that Fy is the external torque abont point

Fy. (positive torque clockwise),

The generalized force F¢ is given by:
¥

N 3 3

Z YA T o7
F = F . - + F ¢ — + F e (55)
ﬂr i #. N+1 ) ¢r Q' 3 ¢r

i=]

N

The only unevaluated terms are Z -fi which are the applied forces

i=]
acting on [ ¢ shown in Figure A-2,
A
F, = F +G (56)
P, ¥

-
where G 1s the gravitational force of fci

P*
—_ i —
G =-m, gh, (57)

A=27
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%
and F is the normal drag force on 1
- Pj_*
2 4 = 2 o~
F = - DHci sin® @, o - Dvcicos ¢i &y (58)

As with the balloon, each link is moving and a variable wind is acting on
it. At any time, the wind velocity across a link is considered constant and
equal to the velocity of the wind at the altitude of the cente.' of mass of
the link. It should be remembered that °%e center of mass was assumed to
be at the geometric center of each link. If the center of mass of a link
is moving vertically with a velocity éci and horizontally with a velocity ic 9

and the wind velocity at the center of mass is Vgc s then the drag components

1
are:
M
Dﬁci -3 CDc ry Sci [vgci - xci) (59)
XY
Pre, % Cp, Py Sey [zci] (60)

The factor sin® ¢i and cos? #; in equation (58) take into account the
projected area in the horizontal and wvertical directions and then rotate the

horizontal and vertical drag componetﬂ;s into the direction normal to / e
i

CDc is assumed to be constant and equal to 1,2
Sci is equal to the average diameter of jci times /c

f; is measured at the center of mass of jci

A-28
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Therefore, when substituting equations (1k), (kh), (52) and (56) into

equation (55), the generalized force on each link becomes :

. [o 2 4 = 2.4 =27 _ AT
Fy ( DHcr sin® g, e, Dvcrcos ¢r ey - M g N2)""§" e

r
N
. 2 -, 2 -y — —y
* Z 'DHci sin” #; 8 ‘DVci 008 §; =mci8N2-/c °r
lwp+]
+ (H, +3B Nz)./c & (61)
Simplifying:

Po-

ol
R I S L SN

N
+[c {[_ DHci sin® g; cos (¢, - g,) - Dvc. cos? gi cos (4. - 4;)

imr+]

- m,; g cos ¢r] +[c [n Hsin g, + B cos ¢r] (62)

From Figures A-1, A-2, and A-l, it can be seen that F¢ is the external

torque acting about Pr-l (positive counterclockwise),

A-29
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APPENDIX B

‘_:_,,__“ _g_.___.__._._-_

Computer Program

1, Wind Profile
4 The wind profile for any simulation is considered to be a function of
altitude as shown in Figures 1 and 2, - Any one of these curves can be

approximated by twenty-four points and twenty-three line segments. The

twenty-four points are stored in an array in the computer and the program
interpolates between any two points, Since the wind profile curve is well
. behaved, 5,000 ft increments seem to be more than adequate, However, any

altitude increment may be used, and the increments can be of varying size,

e 2. Tether Profile

Tether profiles used in this simulation are shown in Figure B-1, Both the

e ——ed]
1

diameter and weight per unit length can be approximated as a series of linear
| functions of length, and is therefore represented by thirty-two points and
thirty-one line segments, The computer program interpolates to find the

diameter and weight per unit length at each end of a link and then considers

REF: ENGINEERING PROCEDURE $.017

"8 each link to be a right circular cylinder with diameter and weight found
% by averaging the end conditions, Obviously, the greater number of links used
”g the more accurate the approximation, It has been calculated that a three
Lz link representation of 135,000 ft of tether overestimetes the tether
e weight by less than 3.5%.
L.

e D

B-1
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A 3, Winching Rate
T At any time, the winching rate is considered constant, However, the
program will consider discontinuous changes in the rate as a function of

time as shown in Figure B-2,

i 3M'
| .
! b3
T A
. w 2m0
' ¢
|-
! E
i <<
i b o«
b x
( - Z 1000}
o :
' 3
I v
ite 2
| £8 0 . . , . . . ,
ERE 0 500 1000 1500 2000 2500
ilx 2
bod g TIME ~ SEC
o
' Figure B-2 - Winching Rate
l Bu3
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L. Transletional Dynamics of Balloon and Tether

Although angular coordinates represent the best method of solving the

===

equations of motion, linear coorcinates must be calculated to find the

| forces acting on the balloon and links,

v

- a, Balloon Dynamics

The following equations represent the linear displacements,

g velocities, and accelerations of the balloon:
:

- N
f x-[c{cos ¢i -Jh sin @ (63)
f - i1
| ;

I z -jc Z sin g +jh cos © (6L)
1e1

: X X

., ' *'Icf°°3¢i‘ﬂc£5m¢ibi+fh°°soé (65)
- S i=1 i=1

g N N

E g é'jc Z sin §; *jcz cos f; "jh sin 0 6 (66)

g é i=] i=]

id
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o oy oun

{
i N
r ot
i z=2[{cos¢i¢i 1’{81!1?5 ¢i /cfwaﬂiﬂi
! - i=1 i=1 i=]
i
r -/hcoscéz-[hsinoa (67)
(
' — N
x--Z/ { sin¢ ¢i [ { cos ¢i¢i -A{ sin¢i¢i
r =] i=] i=]
-/ sin 0 &2 +[h cos 6 0 (68)
b, Tether Dynamics
. The following equations represent the linéar vertical displacement,
velocities and accelerations of the geometric center of the "rith link,
i r-l
. Zc, [ Zsin gy + -— sin g (69)
g r-l
I
gg xc /Z cos f;, - }{ sin¢i¢i
i im] is1
‘ .-& - lc [c .
| ® S5 cos - =% sin /8 g. (70)
|
E i
RS B-5
-
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r-1 r-1
écr -[ { sin g +[c{cos # ¢i
i=]
fc sin 4 + 42 cos §_ ﬁ'fr (71)
r 1 r-1 r-l
‘z'cr-zﬂzcosgji;ai + f, Z/cosgs g, [/sin¢ %
i=] i=] i"l
*jc cos ¢r ¢2r + -’—fﬁ cos ¢r ¢ = _’269, sin g, éfrz (72)
r-l r=1 r-1
icr--ZﬂZsinﬂiﬂi / { cos[di [{sin[dﬂ
i=] is=]
'jc sin ¢r é’r - ..’g‘.‘. cos ¢r ¢.r2 B 4 sin g, ¢r (13)

5. Tension
In an effort to show how much loading the tether must be able to accommodate,
the tension at each hinge point was calculated, Referring to Figure B-3, the

tension at the balloon hinge point is:

{FZ-Ml'z'-B-PL-FVN (74)
FVN-B-PL-Ml'z' (75)
B6
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{Fx = M x=H - Fiy (76)
Fg, = H-¥ x 77
V@) + g
TN = (FHN) * (FVN) (78)
where:

{Fz and fo are the sum of the vertical and horizontal

forces respectively acting on the balloon,

FV and FH are the vertical and horizontal components
N N

of tension on the yth link,

PL is the payload weight in 1lbs,

TN is the tension in the tether at the balloon hinge.
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/

/
Tn
P

Figure B-3 - Horizontal and Vertical Forces Acting on Balloon

Figure B-l shows the "N"'h 1ink and all the forces acting on it,

{FZN " My foy = Fy - Dy -y - T (79)

Freg " Py m Puy = Iy - mey 2 (80)

éFXN s ch xCN " FHN * DHN = FHN-I (81)

F - F - va

By Hy + DHN Moy Xoy (82)
B-8
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VJ y2 2
TN-]_ . (FVN_]_’ + (F 1) (83)

:
. Py
£
"?‘: o
£ £ Figure B-l -~ Horizontai and Vertical Forces Acting On
i nynth 14nk
% £
i
a4
. where :
- inN and {FxN are the sum of the vertical and horizontal
L. forces respectively acting on the "N"th 31ink,

B-9
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F and F, are the vertical amd horizontal components of
N-1 N
tension at the top of the mN-_1M link,

WTN is the weight of the "yrth link in 1bs,

In general for the "ynth 751

FHr-l = FHr + DHr - mcr xcr (8L)
Fr., * er - Dy - - m, é;r (85)
Tpeg = \[E; _1)2 + (Fy _l)2 (86)

The tension at the winch is found by setting rsl

FHO = FHl + DHl = mCl xCl (87)
=F . = - 7

FVO Vl DVI WTl mcl zcl (88 )

T, = \((FVO)Z + (FHO)2 (89)

6. Physical Aspects of the Balloon
As mentioned previously, the balloon is considered to be a thin spherical
shell expanding as it ascends. Two basic balloon sizes were used, The
first one expanded to 30 x 206 £+> at 100,000 4 altitude, and the second,

to 79 x 106 ft3 at the same altitude, The structural weights of the balloons

B.10
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are 8600 1bs and 24,600 lbs respectively, The volume at any altitude

is equal to the volume at sea level divided by the atmospheric density ratio.
The weight of helium (96,5% pure) in the balloon is equal to the weight
density of helium times the volume of the balloon, For the 30 million tt’

balloon, the weight is:
Wy = (.01297) (L19000) = 5L30 1bs (50)

For the 79 million ft3 balloon, the weight is:

W, = (.00297) (1,102,000) = 14,300 lbs, (s1)
The payload is assumed to be attached to the balloon at the tether

hinge point, The moment of inertia about the c.g., of the balloon takea
into account the payload but not the hetium inside the balloon or any of

the air outside the ballson. This assumes that the shear forces are negligible,

Iy = (23 g PL)/hz/g (92)

The directional masses of the balloon (M, Mp) are

b&-Mz-(WH +wBS+PL)/g+%P° v (93)

where:

i [ o Vo 18 the apparcnt mass of the balloons

fo is the atmospheric density at sea level

V_  is the balloon volume at sea level
© B-11
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1.

M, and M2 are equal becausse the talloon is spherical,

Numerical Integration Technique
The two dynamical equations that must be solved are (39) and (4LO). These

equations can be written in the form:

G = £(8, 0, Bryeees By Bryeeesflys Bryeees Bys )
B =g (8, 6, 0 Byeee Bty Brugyeees Bs Bryeees By Biyeee By t)

(94)

It is clearly seen that equations (9L4) are strongly coupled, To reduce the
complexity of the numerical integration, all coupling terms of second order
are eliminated, Preliminary computer runs show that angular accelerations are
one order of magnitude less than angular velocities, Therefore, equations (9L)

raduce to the following:

o=£ (6, o ¢1s---: ¢N’ ¢1:---: ¢N’ t)

‘. , : , (95)
¢r = gl(o’ o, ¢1’0"’ ¢N’ ¢1’"-’ ¢N’ t)

Equations (95) are solved by Runge-Kutta (L order accuracy) numerical

integration techniques, Due to the long running times, it is advantageous

to use a large time increment. It has been found that an increase in

the degrees of freedom requires a reduction in the time increment., To help

B-12
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alleviate this problem, the balloon's pitch angle is held constant,
= This affect on the dynamics of the tether was hardly noticeable, No
graphs were constructed to show this because the differences were in the

fourth significant figure.

- 8, Determination of Number of Links

As stated previously, an increase in the degrees of freedom decreases the

magnitude of the time increment which will allow a stable simulation, Also

| the computer time increases linearly with an increase in the number of links
simply because each extra link involves one more equation of the form of

= equation (4O) which must be integrated. Therefore, an effort was made to

determine the least number of links which would present a gocd simulation.

! To this end, a tether was payed-out in a summer I-90% wind., A winching

rate of 3000 ft/min was used for 1500 sec, This allowed the balloon to pass

through the high dynamic pressure region., Figure B-5 shows the altitude

: versus range of the balloon for both three links and five links, Figure B-6
shows the tether profile at 500 sec, 1000 sec, and 1500 sec, These comparisons
justify the use of three links in all future runs unless a wind profile

containing severe cross winds is used, The conclusions that three links is

e e

adequate for the simulation was also reached by Professors Elnan and Evert

+

| E-ID-15(7-64}(77-10)
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GOODYEAR AEROSPACE

CORPORATION

GER-1371L

9e

Inputs

The format for all inputs is F10.,0. The following is a 1list of all

needed variables with appropriate units:

a.

b.

Ce

8.

f.

Ee

h.

Stop Altitude - The program may be stopped when the balloon reaches
any given altitude (ft) and a new simulation started. This
variable is good only for ascent simulation,

Stop Time -~ The program may be stopped at any given time (sec) during
the simulation and new simulation began,

Stop Tether Length - The program may be stopped when a certain length
of cable (ft) has been winched out. '

Acceleration of Gravity at Sea level - Ft/sec2

Radius of Earth —~ Ft

Integration Step Size - The program is started with a relatively small
time increment (.5 sec) to allow for large acceleration to damp
out,

Printout Time -~ In the majority of simulaticns, it is not necessary to
printout after every integration. Since printing time wastes
computer time, it is most desirable to make several integrations
before printing out data, This input variable should be equal
to the number of integrations made before each printout.

Number of Links

Ba16
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i.

J.

k.
1.

me

n.

(*

Pe

Q.

Weight of Payload Attached at Balloon - Tether Junction ~ Ib

Time - For an ascent simulation, the time is arbitrarily set at 4 sec,
The program then starts with a relatively small length of tether
winched out, 'If the length of tether were zero initially,
ogscillations of a very high frequency would take place for a short
period of time because the moment arm is very small. For descent
simulations, the time (sec) must be equal to a value which, when
multiplied by a positive winching rate, will equal the total
length of tether payed-out at the start of the descent.

Initial Tether Length - Ft

Second Integration Step Size - After the first several seconds (sec f)
the time increment is increased in order to speed up the calculations,

Second Time - This variable is set equal to the time (see j) plus
several seccnds (10-20), After the second time is reached, a second
larger integration step size is used (see 1) because accelerations
are relatively low..

Initial Altitude - Ft

Drag Coefficient of Cable - A value of 1.2 (cylinder) was used for this
simulation,

Drar coefficient of balloon - A value of ,15 (sphere) was used for this
simulation.

Reference Volume of Balloon - The program uses the volume (f’o3) of the

balloon at sea l2vel as a reference,

B-17




GOODYEAR AEROSPACE

CORPORATION

1
I GER-1371)
I

P r, Harness Mass - Slugs (zero in these runs)

il =5 S, Balloon Structural Weight - Ib

- t. Weight Density of Helium at Sea Level - Ib/ft3

u. Initial Pitch Angle of Balloon - Rad (zero in these runs)

V. Initial Pitch Rate of Balloon - Rad/sec (zero in these runs)

aa, An array of N variables representing the initial time rates of change
of the angles of the N links - positive counterclockwise - Rad/sec

bb., An array of N variables representing the angles of N links - positive
counterclockwise from the right horizontal - Rad

cc, An array of eight variables representing times at which the winching

rate is changed - sec
dd, An array of eight variables representing winching rates corresponding
Fa to (ce), The first value is the initial winching rate and corresponds

to zero time. The second value is also the initial winching rate and

corresponds to the time at which the winching rate is to be changed,
The third value is the second winching rate and corresponds to the time
at which the winching rate is to be chang.d again, and so forth, ~Ft/sec.

ee. An array of twenty-four variables representing altitudes - Ft,

ff, An array of twenty-four variables representing wind velocities corresponding

REF: ENGINEERING PROCEDURE $.017

to the ultitudes given in (ee) - Ft/sec.

T B-iD-15(7-64)(77-10)

88« An array of thirty-two variables representing lengths of the tether
starting at the balloon - ft,

B-18
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hh. An array of thirty-two variables representing diameters of the tether
corresponding to (gg).- Ft.
ii, An array of thirty-two variables representing weights per unit

length of the tether corresponding to (gg) - Ib/ft,

H 10, Outputs

e At predetermined time intervals (see input g. ) the following data is
outputted in format F9,2,

a., The angle formed by each link from the horizon - Deg
b. The angular velocity of each link - Deg/sec

c. The tension at the top of each link - Ib

- d, Time - Sec

e, Altitude of Balloon - Ft

f. Range of Balloon - Ft

g. Horizontal and vertical velocities of balloon - Ft/sec

h, Pitch angle of balloon - Deg

e T
’ ]

i, Pitch rate of balloon - Deg/sec

Jo length of one link - Ft

k. Winching rate - ft/min

REF: ENGINEERING PROCEDURE S.0)7

1. Wind velocity at balloon's altitude - Ft/sec

T A
[2En )
? . ¢
E-ID15(7-6L)(77-10)

m, Harness length (balloon radius) - Ft

n., Tension at winch - Ib

B-19
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0.

q.

r,

Se

Total weight of cable winched out - Ib

Horizontal drag force on balloon = Ib

Vertical drag force on balloon - Ib

Total vertical force acting on balloon, including the buoyant 1lift,
structural weight, weight of helium and vertical drag force, This
force must be greater than the weight of the tether plus the payload
in order to have an ascending balloon - Lb,

Dynamic pressure acting on the balloon relative to the free stream

2
velocity - Ib/f%

Fortran IV Program

A listing of the program is contained in APPENDIX C, The functions of

the main program and the subroutines are as follows:

Qe

Main Program

1) Define the two functions to be solved (equations (39) and, (40)).

2) Read input variables

3) 1Initialize program

L) Check if end constraints (balloon altitude, time, and
tether length) are met, If one conditicn is met, print output,
and start new program; otherwise, continue,

U) Check if printout time is reached, If it is reached, calculate
the tensions at the top of each link and at the winch, print

output and continue; if not reached, continue,.

b-20
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C.

6)

7)

8)

Advance the generalized coordinates and velocities through one
time increment by Runge-Kutta integration,

Calculate altitude, range, horizontal and vertical velocities
and accelerations of balloon,

Calculate time rate of change of mass of each link and time

rate of change of moment of inertia of balloon,

Subroutine Head (N)

This subroutine writes out the headings @y, ..., ¢12, B ooy ¢i2

and TENS]-, svay TENSlQO

Subroutine Subrb

1)

2)

3)
L)

5)
6)
7)

Find the atmospheric density surrounding the balloon by using

an "in-house" subroutine based on 1962 US Standard Atmosphere.
Calculate volume, moment of inertia about c,g., radius and aerodynamic
reference area of balloon,

Calculate horizontal wind velocity at balloon's altitude,

Calculate horizontal and vertical drags on balloon due to

relative velocity between balloon and wind,

Calculate directional masses of balloon,

Calculate static 1ift of balloon,

Calculate generalized force acting on balloon,

B-21

-




LR e

s-m-is( 7-61;3( 77-10‘)

REF: ENGINEERING PROCEDURE $.017

GOODYEAR AEROSPACE

CONPORATION

GER-1371L

12,

d. Subroutine Subre
plj) Identify several variables with the appropriate link,
2) Calculate the generalized force acting on the r® 1ink,

e. Subroutine Sumb

1) Evaluate all of the summations found in the @ equation (39).

f. Subroutine Sumec

1) Evaluate the remaining summations to be used in the ¢r equation (40),

g. Subroutine Tether
1) Calculate the length and time rate of change of the links.
2) Calculate the mass and aerodynamic reference area of each link,
3) Calculate altitude, horizontal and vertical velocities and
accelerations of the geometric center of =ach link,
L) Find the atmospheric density at the geometric center of each link,
5) Calculate the wind velocity at the geometric center of each link,

6) Calculate the horizontal and vertical drag of each link,

Recommendations

Throughout APPENDICES A and B assumptions and approximations were made so

that the complexity of the equations of motion and the computer program would

Le held to a minimum., Since the program called for a feasibility study of

a balloon~tether system, the results obtained are considered meaningful and

522
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fairly accurate, However, if a complete parametric study is attempted,

several refinements could be made,

8,

C.

The location of the center of pressure and center of gravity of

each link should be calculated and not assumed to be at the ge metric
center,

A better description of the physical and aerodynamic properties

of the balloon and harness should be defined,

A variable wind profile over each link and a link that varies in
diameter should be considered in the computer program,

The weight of each link should be found by integrating a polynomial
which represents the weight per unit length rather than averaging

end conditions,

B-23
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APPENDIX C
Program Listing

DISK OPERATING SYSTEM/360 FORTRAN .

360N-FO-451 . 504
DOUBLE PRECISION T,DT

_ DIMENSION AA(4,12),BB(4),PHIDEGI12),PHIDDE(12), MCl(lZ’gDDD(lZ)_W ,

DIMENS ION ZC(IZ)ySC(lZ)oRHOCllZ):VC(12)'VGC(12)oXC“(12) 2CD(12)
. _DIMENSION VF112),HF({12)_ . —

____ REAL MC(12),MCD(12), LHoLC:Ml:MZ.MHJLcoaIB'LCLCoMCRD,MCQoLCLHL__,,

TLLCLCD,LLCD{(8) 4LL{32) ,MML {8) ,MM2(8),LCSL yNCR,NC{12), 18D, [B1,MC1,LS

29NCV(12)yNCVR

COMMONT, S14524 53, 54555956+ 57958459,510,5119512,513,514,4515, SlnglT
1,y5189516952095219522952395249S5125529553955495S5,PHID(12),PHI(12),

_2THE,PHIDD(12),PHIR,SB,DYPRBsCDOBsHs B2 VOLB,RHO; Gy WByCM,CMQCMSsVG, . -

. 3VB,THED,FTHE yFPHI yANyAR IR 4X3ZyXDZDyN,TT (8) ,RRENI(8),PHLRD,VOLC,
_4CCDI(B8)4VVG(24)422124),WDHSL,WBS,DD(32)4NC,SCyVGC4VC,NCV,NCVR, -
_SMC4MCOyLHoLC yM1 yM2yMHyLCD»IB,LCLCyMCRDysMCRyLCLH,LCLCDyWWPUL(32), .
. 6LLCO s LLyMM1 ¢ MM2 4y TETH 452595259 WHyWT(12),NCR,D(12),CDCyWTCT,TENS(12)
_T+TENSW,DVB,PL,ZCDD(12),DVC,XCDD(12)

" EQUATICNS OF MOTION

1000 FTHEDD(THED) = (FTHE+(M24MH/ 2. )% (S1+S2)*LCLH

.- 8+LCLH*THED*THED#COS (THE4PHIR) % (MH/2.4M2) )/ (LCLC*(S254MCR/ 3.+

.50

_ L5HTHETA,5Xy SHTHE=RATFE, 2Xy 4HL INK y 6Xy THPO-RATE 3Xy THWINDVE L 9 3Xy 2HLH,
28Xy SHTENSW/ 14Xy THWTCABLE 3 X o SHORAGH,5Xy SHORAGV ¢ 5X ¢ BHVERTEORC 2Xy

140 2. €M2+MH) $LHALC D#S3 4+ (M2—M1 ) % (LC#S3% (LC*S4+LCD*S5)—LCD*S6% (LC*S4+
2LCD*S5))-THED*IBD)/( I3+LH*LH*(MH/3.+M2))

1+MCR%S12)/2.-525%510~-SS5-MH#*S16+MH*S22+ ML *THED ST NI THE+PHIR) *

2660 FPHIDD(PHID)=(FPHI+LCLC*(—-SS14554 +{-S17-S19+S21~ -MCRO%S9-MCR%S10 _ _

. 254—M1%COS{THE+PHIR)*( S23+515-ST-THED#*53)-M2%CCS( THE+PHIR) *THED*

3S3-M2*SIN(THE+PHIRI%(S13+S144S1+THED*S4)-MH*S10-MCRD*PHIRD/3,.) +
4LCLCD*(-2.%552~-5S53-518-520/2.-MCR*S9-MCRD*S11/2.-2.*MCR*¥PHIRD/3.
5-2 ¢ ¥*MH%S8-2, *M1*COS{ THE+PHIR) *#S4+M1#SIN{THE+PHIR ) * THED*S5~
__6M1*COS{THE+PHIR) *THED%56-M2%SINITHE+PHIR) *(2 . *S3+THED%SS5 ) + _ .
TM2%CCS (THE+FHIR)*THEC*S6)

9MH+M1*COS(THE+PH!R)*COS(THE+PHIR)+M2*SIN(THE+PH[R)*SIN(THE+PHI§)))
FORMAT (14X ¢ 4HTIME6Xy 3HALTy 7TXy SHRANGE 9 5Xy 6HHORVEL 44Xy THVERTVEL 93Xy

35HCYPRB//)

51 FORMAT(11X,12(F9.241X)/11Xy5(F9.2,1X)/)
52 FURMATI(11X,12{F9.2,1X))
1 FORMAT(8F10.0)

CALL MASK(O0)

" INPUT VARIABLES o

97 READ(1,1)HHH,TTT,TETHM, GRyRyDT,DT1,AN
IF(HHH-1,)98,99,98

99 CALL EXIT

.98 READI191)PLy Ty 1ETHDTS,TSy2Z

~ "READ(1,1)CDC,COB,VOLO,MHy WBS, WDHSL , THE, THED |
N=AN . -
READ(1,1) (PHIDII),I=1,N)
READ(14 1) (PHI(I)I=1,N)
READ(1, 1)(TT{1),1=1,8)
~READ{141)(LLCDIT),1=1,8)

-
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Al N e ;

‘ _ 01/19/68 | FORTMAIN . _ 1

o READ(191)(ZZUT)sI=1y24) _ _ D . .

[ e _READ(1,1)(VVGIE),I=1,24) _ . - ;
o READ(1,1)(LL(I),I=1,32) e e L — e

READ{121) (WWPUL(Y),1=1,32)

- c - - el = - .
S | (4 —— __INITIALIZATION i
o C

[. i oo . READ(141)(DD(I)9I=1e32) _ _ . . _ . _.

R N L3 e L _ .
P IV ¢ L) | S, _ _
3. €2=0.0 _

.. XD=0.0 e e _ B _ -
J . _____,,____‘_____ZD=0 0 L _ R e I _
. ... ... 18BD=0.0_ e _ _ e
i~ .— THEDD=0.0 _ _ e e
L e ... DO 12 I=14N. =

MCD(1)=0.0
[ .—_.__12 PHIDD(I)=0.0 e .
. IDBl={.06667*WBS+PL/GR)*{.75%V01.0/3,14159)%%,6667

L DIST={.T5%VCL0/3,.14159)%%,3333_ o o !
- e ____LMW=DIST_ _ B . 1
e __LH1=LH __ o — - —— B

- _LHD=0,.0

0 1 G  ___OUTPUT PROCEDURES o B
S C T - A D e _ — e
L CALL HEAD(N) e B e H. 0 o o _
N WRITE(3,50) e

100 _G=GR*R*R/((R+Z)%*(R+Z))_ .

S IFUZ-HHH)31,31932 _

31 TFUT-TTT 133432432 _ i
T 33 IF(TETH-TETHM)364,34,32 o
. 32 THEDEG=THE*57,2958_

veeovoevoeoe... THEDDE=THED%*57.2958

E 4 TENS (N)=SQRT ((B-PL~- Ml*zw_mm_m_u.wnm*m -=M1*XDD))
- VF(N)=-B+M1%2DD

. HE(N)=-H+M1%XxpD
o _IF(N-1)901,901,902
b= 902 NN=N-I

o . DD_903 I=14NN . .
J=N-1
T UUVFI)==VF(J+1)-NCV (J+1)- HT(J+1) .MC{J+1)%ZCDD{J+1)
. VEW)==VFN
o HF(J)==HF(J+1)+NC (J+1)=MC{J+1) *XCOD( J+1) .
< HFW)==HFY . e
| 903 TENS{J)=SQRT(VF (J) #VF(J)+HF(J)*HF (J))

90] VFW==VE(1)=NCV(1)=WT(1)=MC(1)*ZCDD(1)

_ HFW==HF{1)¢NC(1)=-MCLL)*XCOD(Y)
o TENSW=SQRT( VFWXVFW+HEW&HFW)_
- .. WR=LCC*AN*60. e

) . D0 35 I=1+N e
, [__ . ___ PHIDEG(I)=PHI(I)*57, 2958
i .
i

VU CIE S
~
i

g et

i
}
!
!

35 PHIDDE(1)=PHID(1)%57,2958
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. 38
24

26

768 -
WRITE(3,36)

FORTMAIN

36 FORMAT(/1X,24HRUN ENDED BY CONSTRAI*T /)

WRITE(3,52) (PHIDEG(I)I=1,4N)
WRITE(3,952) (PHIDDE(T) 311 4N)
ARITE(3,52)(TENS(T),1=1,N)

WRITE(3,51)T,ZyXyXDyZDy THEDEG 9 THEDDE gLy~ -

18,DYPRSB
60 10 97

C2=C2+1.

- IF{C2-DT 1123424424 _ _

JJ=JJ+1l
IF(JJ-8)25,25
CALL HEAD(N)
WRITE(3,50)
JJd=1

.34 IF(JJJ-1)38,25,38

726

25 THEDEG THE#57,2958

THEDDE=THED*57.2958 _

TENSION IN TETHER

v te TENSWyWTCT yH,DVB,y

HF (N)=—H+M]1 %XDD

| ~ 102

101

IFIN-1)101,101,102

NN=N-1

~ DO 103 I=1,NN

J=N-1

_ TENS(N)=SQRT((B-PL-M] *ZDD) *(8—-PL—M1%ZDD) + (H=M1 #XDD)* (H-M1%X00) ) _
VF{N)=—B+M1%72DD

_VF(J)==VF(J+1)=NCV(J+1)~ HT(J+l)-MC(J+l)*ZCDD(J*l)

_VEUJ)==VF(J) -
I HF(J)—-HF(J+1)*NC(J+1)-MC(J&I)*XCDD(J*I)

HF (J)=—-HF(J)

VEW=—VF(1)-

TENSW= SQRT(VFH#VFH#HFN*HFH)

WR=LCD*AN%60,

DO 37 I=1,N

PHIDEG(I)=PHI(I)%57.2958

37 PHIDDE(I)=PHID(I)%*57.2958
_WRITE(3,52) (PHIDEG(I), [=14N) _

WRITE(3,52) (PHIDDE(I),1=1,N) _

WRITE(3,52) (TENS(I),1=1,4N)

L 363 TENS (J)=SQRT (VF(J)RVF (J)+HF(J)*HF(J))

NCV(1)=WT(1)~MC(1)%2CDO(1)
 HFW=—=HF{1)¢NC(1)~-MC11)*XCDD(1)

WRITE(3,51)T 424X, xo,zo,rHeoéb;TﬂeooE.Lc WRyVGyLHy TENSW,WTCT,H,DV8,

18,DYPRSB

C2=0.0

23

00 74 J=1,4
CALL SUBRS

BB(J)=FTHEDD (THED) *DT

GO TO_(71,72473,74),J

" RUNGE=KUTTA INTEGRATION

.



... . 01719768 ~ FCRTMAIN ~ _
.11 DO 91 . 1I=14N e _ e e L _
I £ S . —_ e R

e CALL SUBRC . e e
S 91 AAll,1)= FPHIDD(PHlD)*DT_."-__““-_,-_.“ -

DO 81 _I=1,N __ _ __. S

. PHI(I)= PHI(l)+PHID(I)!D[/Z._-_“______"_____.m _ oy =

e 81 _PHIO(L)=PHIDII)+AA L I)/2. . _ e
. e _THE=THE+THED*DTY/2¢ . o L I
= | _‘THED‘THED"'BB(I)/Z. ' ey we—— =
o — THED=0.C e S = o~ = = N -

THE=0,0 ___ =
e _T=T+DT/2. , I s oo ™ e _
oo DO 61 I=1,4N . e — — . L . . .
S e 61 PHIDD(I) = AA(I l)/DT e e W 77w .

i .60 10 74 _ . S e
e, 72. D0 97 I=14N e e el e ST _

IR={

e __CALL SuysrRC — L i e e

92 AA(2,1)= FPHIDD(PHID'*DT o _ - _ I

oo __._Dg 82 I=14N e o o =T
__Eﬂ____.___PHID(J)-PHID(I) AA(lyl’/Z +AA(Z:1’[Z- _ S

S 82 PHItI)=PHI(1)+AA(1l,1)%DT/4, _
THED=THED~B88(1})/2.4+BB(2)/2,
—-— oo __THED=0.0 _ _  _ __ e mow =

i THE= THE+BB(1 )*DT/‘t- i — i o wow

THE=0.,0__ _ . = e w s m e e = ==

———r____nDD 62 1= l,N N — e e—— _ — Ry

B2 PHIDD(I) AA(2, l)/c' — e | ~
G0 10 T4 _ _

e 13.D0 93 I=19N_ o _ e

e IR=T _ e _ I
o — CALL $UBRL e _

— .93 AA(3,])= FPHIDD(PHID)“DT e e .
————— .. D0O.B3_I=14N__ e I e

PHI(1)=PHI (1)+DT* (Eﬁ.ID_LU.Q_ =AA(L, [1)/4,+AA(2, 1) /%)

B3 _ PHIDU(IN=PHID(I1)-AA(241)/72.+AA(3:]) e s
o _YHE=THE+OT®*(THED/2.—-BB{1)/4. +BB(2)/4 ) .
e _THE=0.0 . L .

— e _THED= THED-BB(Z)/Z *88(3) I o
. == _,THED—0.0 - N _

T=T+0V/2e_ . _.
... D0 63 I=14N . I =
- - 63 PHIDD(I )= AA(3’I)/DT .

74 CONTINUE

——vvowoo_......DO 94 1I=1,N ‘ S g Co—.
s T e

o CALL SUBRC e

94 AAl4, )= FPHIDD(PHID)*DT e -
. D0 84 _I=1,4N e -

o _PHID(I)=PHID(I)-AA(3,1) __ _ .
. _PHI(I)=PHI(I)-DT*(PHID(I)+AA(2+1)/2,) .
e PHI(I)=PHI(T)+PHID(I)#DT+(AA(L L) +AA(2,T)+AA(3,1))%DT/6, . |

———__84_PHID(I)= PHID([,+£AALlLLL_ZLﬁAALZL‘ljz'*AAL&LLJtAA(é'[,LL6L___-__W_a
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T TTTo1719768 . FORTMAIN . /o T/ o oooooTmTmTm

_ THED=THEODO-BB (3)
. THE=THE-DT*(THED+BB(2)/2.) _

THE=THE+THED*DT+(BB( 1)+BB(2) +88(3))*DT/6. -
_THE=0.0 ——
sy THED'THED*(BB(].)+2.*BQ(_Z}*Z_.*_BB(},)*B_B_L&LL[bq S
e . THED=O.C ) . e . e
jp— DO 86 I=1,N I S R
PHIDD(I)=AA(4,1)/0T L
MCO(I)=(FC(I)-MCL1(I))/DT
.. 86 MCYX{I)=MCLI])
C -— R —_— .
C. - ) LINEAR DIST.yVEL.sAND ACC. OF BALLOON - - ==
¢ —r . .. -
. _X=0.0 - - - - ] = = - -
i 2=0.0 L m—— = S —
- —-XD=000 — & ==
e 220200 - _
XDD=0.0 L
e _lDD=9.0 L ) _ -
Byl DO 85 I= l, . el - )
o X=X+LC*COS(PHI (1)) e e . R
2= Z+LC*SIN(PHI(I)) L e

TTXDD=XDD-2. *LCD*STN(PHI (1) ) $PHID (T)-LC*COS (PHI (1) )#PHID( 1)*PRIO( T 1=
ILC*SIN(PHI(I))*PHIDD(I)

T IDD=1DD+2.*LCD*COS(PHI(I))*PHID(I)-LC*SIN(PHI(I) ) *PHID (1) *PHID(I)+

T1LcxCcOS(PHI(TI) ) &PHIDCUI) o

85 ZD=ZC+LCD*SIN(PHI(T))+LC*COS(PHI{I))*PHID(I)

- X=X +LH*SIN(THE) _ .
1= 1+LH*COSITHE) T -
o __XD=XD+LH*COS(THE)*THED e =
S _2D=20-LH*SIN(THE)*THED ]
. XDD=XDD-LH#*SIN(THE) #THED*THED+ LH*COS (THE ) *THEDD =
2DD=7DD~-LH*COS (THE)*THED*T HED-L HXSIN( THE )% THEDD -
S _.VB=SQRT(AD*XD+10*ZD)_ - . —
T T DIST=SQRTUX#xX+2%2Y T o T
T 180=(18-181)/0T ) ]
- 181=18
) JJi=2
o IF(TENSW+100.)97,67,104 B
eoovm— 104 CONTINUE _ = e e e e
T IR(T-TS)10, 11,11 B
11 DT=DTS
10 GO TO 100
END
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-  DISK _OPERATING_SYSTEM/360 FORTRAN  360N-FO-451 22 _

e T HEACINGS FOR_OUTPUT__

—
|
|
¥
1}
t
]
|
1
|
|
1]
'e
!
|
]
i
1
S R e

___SUBRGUTINE HEAD(N) C
. . ____51 FGRMAT(1H1, 13Xy 6HPHI(1)/14Xs THPHID(I)/14Xs THTENS(1))

T .52 FORMAT(1H1413X36HPHIL1) 44X3s6HPHI(2)/ 14Xy THPHID( 1), 3Xy THPHID(2) /14X
Lo THTENSU1),3X,THYENSE2))

_______ 53 _FORMAT(1H1513Xs6HPHI (1) 34X s6HPHI(2) 14X s6HPHI {31/ 16X, THPHID (1), 3X,
e 1THPHIC(2) 33X THPHID(3) /14X THTENS( 1) 93Xy THTENS(2) +3Xs THTENS(3)) .

- 54_FORMAT(1H1, 1 3Xs GHPHI{ 1) 2 4Xs 6HPHI (2) 24 X2 6HPHI(3) 24X s 6HPHI (4] £14X, .

e LTHPHID(1) 43Xy THPHID(2) ¢3X s THPHID{3) 9 3Xs THPHID (4) /14Xy THTENS( 1) 3X,.

..... 2THTENS(2)3 3Xy THTENS(3) 23X THTENS(4)). .
_ 55 FORMAT(1H1,13Xy6HPHI(1) 94X6HPHI (2) 4 X96HPHI(3) 34X ,6HPHI (4) 94X,
. 16HPHI(5)/14XsTHPHID(1) 93X, THPHID(2) 93X, THPHID(3) 43X, THPHID(4) 43X,
o _2THPHIDA5)/14XsTHTENS{1) 43Xy THTENS(2) 53Xy THTENS(3),3X, THTENS( &) 93X,
3THTENSLS)) R .
- 56 FORMAT(LHL,13X;6HPHI(1) 14X 26HPHI(2) ¢4 Xs6HPHI(3) 44X, 6HPHI(4) $4Xs
o 16HPHIA5) 94X 6HPHI (6) /14X THPHIDAL) 93X 9 THPHID(2) 3X s THPHID( 3), 3X,
_ 2THPHID(4) 43X s THPHID(5) 33X, THPHID(6)/ 14X THTENS( 1)y 3Xy THTENS( 2) » 3Xs
o 3THTENS(3),3XyTHTENS(4)3Xe THTENS(5) s 3Xs THTENS(6) )
57 FORMAT(1H1513X,6HPHI(1) 34Xs6HPHI (2) 14X s6HPHI (3) 34X s6HPHI (4) 94X,
LO6HPHI(5) 94X 6HPHI (6) 24X 6HPHI(T7) /14X s THPHID (1) #3Xs THPHID(2)e3Xy . _
o 2THPHID(2) 43Xy THPHID{4) s3Xs THPHID(5) 33X s THPHID(6) 4 3X, THPHID(T)/14X,
. __3THTENS(1)93XsTHTENS{29+3Xs THTENS{.3),3X, THTENS(4) 53Xy THTENS(5) 93X,
| __4THTENS(6) 93Xy THTENS(T))_ - s ==
o 58 FORMAT(LH1,13X,6HPHI (1) 34Xs6HPHI(2) 34X s6HPHI{3)4X s6HPHI(4) 44X,
- . _ LE6HPHI{5)44Xy6HPHI (6) 44X y6HPHI(T) y4Xs 6HPHI(8)/14X7THPHID(1)y 33X,
2THPHID(2) 93X s THPHID(3) 23X 2 THPHID(4) 23X THPHID(5) 23Xy THPHIDL Qe 3Xs
. 3THPHICI(T7) 43X, THPHID(8)/14X s THTENS (1) 93Xy THTENS{2), 3Xs THTENS( 3) 93X,
o _ATHTENS(4)33Xs THTENS(5) s 3Xs THTENS{ 6)y 3 Xy THTENS(7) 4 3X, THTENS( 8))__
. __ .59 _FORMAT(1H1,13X,6HPHI(1)y4Xy6HPHI(2) 4Xs6HPHI(3)44X,6HPHI (&) 54X,
o LO6HPHI(5) Xy EHPHI L6}y Xy OHPHI A T) s 4 Xy 6HPHI( B s 4 X, 6HPHILO) 714X,
. 2THPHID(1)43Xy THPHID(2) ¢3Xs THPHID(3) y3X, THPHID(4) 43X, THPHID(5) 43X,
N 3THPHID(6)93Xs THPHIDA 7) 93X s THPHID(8) +3 X2 THPHID(9) /14X o THTENS (1) 23Xy .
L . ATHTENS{2) 43X, THTENSI3) s3X s THTENS (4] 43X, THTENS(5) 43X, THTENS1 614 3%,
©_ STHTENSIT)43X,THTENS(8)s3Xe THTENS(IS))
60 FORMAT(1H1,12X,6HPHI (1) 94Xy 6HPHI(2) 34X 96HPHI (3) 34X 46HPHI (4) 94Xy
T 16HPHI(S) %X, 6HPHI(6) 34Xy GHPHI L T) & X, 6HPHI{ B) , 4 X, 6HPHI 19) 44X,
o 2THPHI{10)/14X, THPHID(1)93Xy THPHID(2) y 3Xy THPHID(3) 43X, THPHID (4) 43X,
- 3THPHID(5) 93X THPHIDI6) 23X THPHID(7) 43X THPHID(8) 43Xy THPHID(9) 93X, . _
 48HPHID(1C)/14X, THTENS{1) 93Xy THTENS(2) 93X, THTENS(3) 43X, THTENS (4 ),
L T 53X,THTENS(5) 93Xy THTENS(6) 43Xy THTENS(7)3X, THTENS(8) 43Xy THTENS(9) ,
T 63X48HTENS(10))
- 7761 FORMATULHLy 13X96HPHIT L) ¢ 4X96HPHI (2) 44 Xe SHPHI 13) 34X 36HPHI L&) 44X,
 16HPHI(5) 94Xy 6HPHI (6) 34X 6HPHI (T) ¢4 X3 6HPHI (8) 34Xy 6HPHI (9) 34X,
e 2THPHI(1C) 93X, THPHI(11) /14Xy THPHID (1) 93X g THPHID (2) 93X 9 THPHID(3 ) 93X,
. 3THPHID(4) 43X, THPRID(S) 93X, THPRID(6) 3 X, THPHIOUT 13X, THPHID(8Y,3X,
 4THPHID(S) 43Xy BHPHID{10) 92X ySHPHID (11) /14Xy THTENS (1) 93Xy THTENS(2),
" 53X, THTENS(3) 93Xy THTENS{4) 33Xy THTENS(5) 43X, THTENS (6 ) 43Xy THTENS (7 )4
T T T 63X, THTENSU8) ¢ 3X THTENS19) 43X, BHTENS110),2X,BHTENST11))
T 762 FORMAT(1H113Xe6HPHI(1)54Xs6HPHI(2)4Xy 6HPHI{3), 4Xy 6HPHI(4) 44X,
[; LOHPHI(5) 34Xy 6HPHI (6) 94X 6HPHI(T) 5 4Xs 6HPHILB) 14Xy 6HPHI(9) 34Xy |
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. 01/10/68 ~ HEAD . :
q._. “2THPHI(10 )9 3Xy THPHI(11) ¢ 3Xs THPHI(12)/14Xs THPHID (1) 5 3K THPHID(2) 93Xy .
il _ ___3THPHID(3)93XyTHPHID(4)s 3Xs THPHID(5) 3Xe THPHID(6) 43X, THPHID (T) 43X,
___4THPHJID(8) 93Xy THPHID(9) ¢ 3X, BHPHID(10) 92X, 8HPHID(11) 42X ,8HPHID(12)/
. 514Xy THTENS( 1) 93X, THTENS(2) 93X THTENS(3) 93X, THTENS(4) 43X, THTENS (5, )
. 63Xs THTENS(6) 23X+ THTENST{T) o 3X o THTENS8)93Xs THTENS(9), 33X, BHTENS(1Q),
i o T2X4BHTENS(11)42X,8HTENS(12)) . S -
. GG TG (14929394+54+647,8 :9.110.:11112)1N -
1 1 WRITE(3,51) )
! ~ RETURN , i B
2 WRITE(3,52) o
e _RETURN_ e
i 3 WRITE(3,53) - - ]
_ __ RETURN -
. ) 4 WRITE(3,54) o
, l'*" 7 RETURN. o -
S T g WRITE(3455) - B
__ RETURN e
1 ~ 6 WRITE(34,56Y
j . ________ _RETURN_ . = e
o 7 WRITE(3,57) —_— - =
- " RETURN_ ===
l 8 WRITE(3,58) - )
- RETURN i o _—— =
6 WRITE(3,59) - __*_,
I""' ~  RETURN T -
.l 1C WRITE(3,60) -
_ RETURN - B
*t 11 WRITE(3,61) -
‘L“ RETURN L - o
12 WRITE(3,62) _ L
i RETURN
I i ENC B
o I ) . e
f . N )
L33
I ' - . -
il

ed
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G - -
c GENERALIZED FORCES ACTING ON BALLOON
&8 R e ;
SUBRGUILNE_§UBRB e R
e DOUBLE PRECISION T.DT_ S -
e DIMENSICN. AA(4112)158(&1:EﬂlDEﬁ(lZ)yPHlDDE(lZ’vMCl(12)1000(12)_ .
oo . DIMENSICN 2C(12)4SC(12),RHOC(12),VC(12)yVGCI12),XCD(12),2CD(12)
REAL MC(12)4MCD{12)sLHsLCyMLlsM2yMH4LCD$IBLCLCIMCRDyMCRyLCLH,y
_1LCLCD,LLLCD(8),LL(32),MMLLB) s MM218),LCSLyNCRyNC(12),IBD,IBLyMC1,LS
22aNCVI12) s NCVR_ = e
— COMMONT,SI,SZy53,54,55356357,58,5915101511151215131514151515161517
1251895159 52095219522952325243551 955295539554 ,SS5,PHID(12),PHI(12),
. . 2THEsPHIDD(12)yPHIRySByDYPRBCDBsH 3B+ VOLB yRHO+G ¢ WByCM,CMQ,CMS, VG,
o 3VByTHEDyFTHEFPHIgANsARIR X9 Z9XDsZDyNsTT(8),RREN(8),PHIRD,VOLOy .
. 4CCD(8)4VVGL24)422(24) ¢WDHSLsWBSsDD(32)4NC+SCyVGCsVCyNCVyNCVR,y . .
SMCyMCC oL HoLCy MLy M2oMHyLCDs IB2LCLCoMCRDIMCRWLCLHYLCLCD 9y WHPUL(32) e .
. 6LLCOsLLyMM], MH?,TETH,SZS,SZb,NH,HT(lZ’yNCR,D(lZ),CDC yWTCT,TENS(12)
) T2 TENSWsOVByPL,ZCDD(12) 4,0V~ e
o _ RHOC=.002377 L
L ecALL CENS(Z,PR;RHO,VS) .
. NCLB=VGLO*RHCO/RHG _ oo
IB=(. 6667*hBS+FL)*LH*Lmj§, ~ . e .
o __LH=(.75*V0LB/3.14159)%%,3333 = _
= 1
o 512 IF(Z- ZZ(I))510,511,511 - -
511 I=1+1 .
GO TO 512

510_2SL=(2-22(1-1))/(22(1)=2Z2(1-1))
 NG=VVG(I-1)+(VVG(I)-VVG(I=-1))*2ZSL _
SB=3.14155*(3.%VOLB/{4.%3,14159)) #%,6667
XDB=XC-VG

= ——— e aono o ) 5 S A e

... 2CB=20 _ — = A
ALP= ARGD(ZDB,XDB)/S? 2958
CYPRB=,5%RHO*{ XDB*XDB+ZDB*Z08)

_H==DYPRB*SB*LDB*COS(ALP)
WH=WDHSL*VOLOC
WB=Wh+WBS+PL _
M1=WB/32.174+.5%RHCO*VOLO _
M2=M1 ot

e LS=VCLO*RHOO0%*32.174 L e

CALL TETHER

DVB=DYPRB*S3*COB*SIN(ALP)

B=L S-WH-WBS-DVB o

:  FTFE=LH®(H®COS(THE)~B*SIN(THE))

L ~ CALL Sums

RETURN

D END
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-G - . ; .

o C . . .. _. ' GENERALIZED FORCES ACTING ON LINKS
L . ,

SUBROUT INE_SUBRC.

‘e o..... DIMENSICON VF{12),HF(12)

_______ DIMENSIGN AA(4,12)188(411PHIDEG(12!1PHIDDE(12)9MC1(12) DDDA12)
. _ .. DIMENSION ZC(12),SC{12)+RHOC(12),VC(12)4VGC(12),XCD(12),2CD(12)

~ DOUBLE_PRECISION T.0T._ _ T r T

REAL HC(IZ)1MCD(12)1LH9LC:M19H2 MH:LCD:IB:LCLC;MCRD,MCR,LCLH,

.“.__m_“__lLCLCDrLLCD(8):LL(32)4HM1L314HH213)gLCSLoNCR,NC(12),IBD:LEL4MCL,LS*.1

- .. 29NCVI{12)4NCVR

R COMMONT,,S1, 5215395415515615715895995101511951295131514151595161517

. ... 1951895154520y 521 452295239524 95519585295539554,S5S5,PHIDIL12)4PHI(12),.
i . 2THESPHIDD(12) 4PHIR,SBsDYPRB4COByH B VCLByRHOy Gy By CMy CMQy CMS ¢ VGy
e == 3VByTHEDy FTHE sFPHI ANs AR+ IR e X929 XD ZD9Ns TT(8) yRREN(8) s PHIRD ,VOLT,

T PHIRD=PHID(IR)

e SMCeMCCeLHeLCyMLyM24MHLCD» T8 9LCLC yMCRDyMCR,LCLH,LCLCD s WWPUL(32),
. _6LLCDyLLyMM1,MM2, TETH)S259 526 WiHeWT(12) ¢NCR¢D(12) yCDCoWTCT L TENS(12)
= T+TENSW,OVB,yPL,ZCDD(12)sLVCe XCDDL12)
o PHIR=PHI(IR) .

b

NCR=NC(IR)___ = wmmmm e e B W e e
— . NCVR=NCV(IR) = _ ___ - = : .

e _MCR=MC(IR)
_.  MCRD=MCD(IR)

_ . CALL sumMC.

CALL 3JumB

._r_ — FPHI=LC*COS (PHIR)# (=, 5%MCR# G+B=PL=G*S25) +LC*S IN(PHIR) * (-4 SENCR*

_ LISIN{PHIR)=H)-LC*S26~ LC*CUS(PH!R)*CDS(PHIR)*.S*NCVR
oo . __ RETURN .

END

i
I

o _4CCDIB) s VVGI2640222(26) sHDHSL MBS »DDL32) 4NC g SCs VGC o VCINCVINEVR s — 20
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T SUMMATIONS NEEDED FOR THETA EQUATION

SUBROUTINE_ SUMB__ e
DOUBLE PRECISION T,DT__ _ . -
_ DIMENSION AA(4512),88(4)sPHIDEG(12) ,PHIDDE(12),MC1(12) ,0DD(12)
DIMENSION ZC(12),SC(12) yRHOCE12},VC(12)4VGC(12) 4XCD(12),2CD(12)
DIMENSICN VF(12),KFi12)

REAL MC(12)5MCD112) s4HsLC sM13M2,MH,LCD,IB,LCLE »MCRDyMCR,LCLH, !
1LCLCD,LLCD(8) oL L (32)2MM1(8)sMM2{8) s LCSLINCRyNC(12) 41BDIBLyMC1,LS..

2sNCV(12) yNCVR

. COMMONT,SI:SZgS§-S4 55’56’57’5815915101511v512v513v514v5151516v517

12518y519,520,521 95224523,524,5S1, $S§29553,554,SS59PHID(12),PHI(12),

__ 2THE,PHIDD(12),PHIR,SByDYPRBCDOBsH 8 VOLB yRHOyG yW3,CM,CMQ,CMS» VG,
___3VB,THEDyFTHE ) FPHI ANy AR IRy X3 29 XDy ZDyNs TT(8),RREN(8),PHIRD,VOLC,

4CCD(8) 9VVG(24)527(24) WOHSL 4 WBS90D(32VaNCsSCoyVGLI VO NCUSNCYR,y . |

SMCyMCDeLHyLC s MLg M2, MHLCDy 189 LCLC MCRDyMCRyLCLHoLCLCD s WWPUL(32)

'_00111,

6LLCO LLyMM] yMM2,TETHyS259 5269 WHyWT(12)4yNCRyD(12) 4CDC yWTCT,TENS(12) |
ToTENSW,DVB,PL,2CDD{12),0VC,XCDDZ12)
$1=0.0
$2=0.0_.

o S30.0_ _ ;.'.;;_. Sy T e

S4=0.0
$5=0.0__
S6=0.0

S1=S1+PHID(I)*PHICIT)*COS(PHI(I)+THE)
S3=S34PHID'I)2SIN(PHI (1) +THE)

I e e R

S4=S4+PHID(I1)*COS(PHI(I)+THE) _
S5=S54+SIN(PHI(T)+THE) ___
$S6=S6+COS(PHI(I)+TKE) _ _
RETURN _
END

(PR = o o WS oo - o 4 oon e L T |

DA F UM IS =W AR i
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... C. - o ——
B . SUMMATIONS NEEDED FGR OHI EQUAT ION

A _SUBROUTINE_ SUMC e e
. e com e DOUBLE PRECISION. . T,DT _____ . __ i
o . _._. DIMENSION AA(éylZ):BB(Q’!PH!DEG(IZ):PHIDDE(IZ),MCI(IZ),DDD(LZ)
L ___. DIMENSION ZC(12),SCl12)2RHOCT12),VC(12),VGCI12),%CD(12),2CDI(12)
o B ...  DIMENSICN VF({12)4HFIY2) _
e o™ REAL MC(12"MCD(12,lLH'LC'Ml!HZ'MH’LCD’IB LCLC,MCRD, MCR,LCLH,
e e ALCLCD o LLCD(8 ) o LLL32) o MML(B) s MM2(B) o LCSLyNCRyNC(12)yIBD¢IB1eMC14LS ..
S 2oNCVI12) yNCVR .-
e COMMONTY,S1, 52153154155156157'58!59)5101511v512951315141515’516v517
..... o 19S18951955209521 95229523 28249551 35524553 95S544SS55,PHIDIL2)4sPHI(12),
o . . 2THE,PHIDD(12),PHIRs»SBsDYPRBsCDBsH B yVCLByRHOsG yWB yCMyCMQoCMS, VG,
oo o . BVBoTHEDyFTHE s FPHI 2 AN9 ARy IR 9 Xy 29 XD9 ZDs Ny TT(8),RREN( 8) 4 PHIRDyVOLG,
- 4CCDEB) yVVGL24)922124) sHDHSL»WBS+DDI32) sNC+ySCyVGCyVCyNCVyNCVRy .. ..
e eeoo . . S5MCyMCDyLHyLCyML M2, MHLCDy IBsLCLCyMCRDyMCRyLCLHsLCLCD 9y WWPUL( 32)
e~ . 6LLCDyLL MM, MM2,TETH S259S269WHyWT(12) ¢NCRyD(12),COC sy WTCTHTENS(12)
3 7T9TENSW,DVB,PL,ZCDDI(12),DVCy, XCDDI(12)
$S7=0.0 . o e R —_—
$8=0,0
$9=0,0 _ _ e —— .
. e $10=0.06
S 2 S11=0,0
L. . S12=0,0
L . S12=0.0 _ _
- S14=0.0 - - . : ) : .
S1520.0 . . _ -
. S16=0.0 _
.. S17=0.0 _
S18=0.0
$19=0.0
- . _. S20=0.0
o S21=0.0_ . _
IL . §22=0.0
. S, _523f0 0
{]. . . S§25=0.0
ki - ... S826=0.0
~ .SS1=0.0 ,
= $52=0.0_ _ _ = = — : S
|| T T Tss3=000 T
S $SS4=0.0
1 - $585=0.0
F‘i< i _ DO 1 I=1,4N
&4 . ST=ST+PHID(I)*PHICII)*SIN(PHILI)+THE)
i . S8=SB8+PHID(I)*COS (PHI (I1)~-PHIR) _
FE! ) SZZ-SZZ*PHID(I)*PHID(l)*SIN(PHI(I)—PHIR)

1 CONTINUE
IF‘1°1R+1)919911
- 8 J=IR-1 o .
Ei D0 2 I=1,J
- S9=SO+PHIDII)*COS (PHIII)-PHIR)




¢ .

S - : SR GER-137"L
S - R C-12

___ol/12/68 ____ _ _ sumc_ ____
o S11=S11+SIN(PHI(I)-PHIR) ___ _ _. S .
T U S12=512+PHIDUT) *PHIDA 1) *S IN(PHI (I )=PHIR) 1
2 CONTINUE . ) L |
11 CONTINUE s
IF(IR+1-N )83 8s6
_.8 J=IR+1. -
00 3 I=JeN. o
. _IN=I-1 e r
T DO T 1I=1,IN
l'  $S1=SS1+MCD(J)*PHID(II)*COS(PHI(II)-PHIR)
. 552=SS2#MCAJ)*PHID(IL)*COSIPHI(II)=PHIRY
‘ $S3=SS3+MCD(J)*SIN(PHI(II)-PHIR)

3 l- T 7 $54=5S54+MCIJ)*PHID(IT)*PHID(TT) #SIN(PHI (11)~PHIR)

3 CONTINUE

: A L3 {5, 3 S e SR
g . DO &4 IN=J,N i
o | . S17=S17+MCD( IN) #PHID(IN) *COS(PHI{IN)=PHIR)Y R
E T . S18=S18+MC(IN)%PHIB(IN)*COS{PHI(IN)-PHIR)
$520=S20+MCD(IN)*SIN(PHI(IN)=PHIR)  _
- . S21=S21+MCUIN)*PHID(IN)*PHID( IN)#SIN(PHI (IN)-PHIR)
... S25=S25+MCUINY_. .

. S26= $26+ {NC(IN) ®#SIN{PHILIN) )XSIN(PHI(IN) ) +NCV [ IN)*COS(PHI{IN) )%
. 1COS(PHEILININI*COS(PHIR=PHI(INIDY . . . .
. 4 CONTINUE .

e —  —m—— e - R e e ——— -

¢ CONTINUE

= & 0 0 0 =o'y 2 L e 7 o==woo e e e e e

RETURN

[ o END

.
I |
l T T - i

==
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7T DISK OPERATING sverﬁ?iZd'EdkrRAN  36CN-FO=451 22

.DIMENSION AA(“:lZ):BB‘4&QPHIDEG(IZ)1PﬂIDDE(12)JMC1(12)3000112)
- DIMENSION ZC(12),SC{12),RHOC(12),VC(12),VGC(12),XCD(12),2CD(12)

REAL MC(lZ)sMCD(lZ)zLH:LC:Ml:MZoMHsLCDsIBsLCLC MCRDsMCRoLCLH,

1L.CLCO,LLCDI8) 4 L(32) MML(B)sMM2(8) s LCSLsNCRSNCI12)4IBDsIB1sMCY41S .

. COMMONT, Sl352353,54:55356:571583S9s510:$11y$12 5131514y 15,516,817
. 19S184516,5520,4521452245235524555195524553,4554,555,PHID(12)sPHI(12),
__ 2THE, PHIDD(12)4PHIRs SBsDYPRB CDB.sH B yVOLB yRHOyG ¢ WB 9y CMgeCMQ,CMS, VG
3VByTHED FTHE,; FPHIs ANs AR IR s X9 Z9 XDs ZDs N TT{ 8),RREN(8),PHIRD,VOLC,

SMCoyMCDsLHyLCo MLy M24MHsLCDy I3 LCLC,MCRDyMCRHLCLH,LCLCD yWWPUL(32),
6LLCDyLL yMM] o MM2y TETHy S259S269 WHyWTU12)4NCR,D(12) sCDCoWTCT,TENS(12)

LINK LENGTH.RATE OF CHANGE,MASS,AND REF, AREA .

g - — ===
C — FORCES_ACTING ON TETHER
€ o -
e _SUBROUTINE_TETHER -—
~ DOUBLE PRECISION T,0T ___ _ __ _
] _ DIMENSIGCN VF{12),KHF(12) _
29NCVI12) s NCVR
= ,,:;m_qcco(_e)_,vvs(zzu 922824) s WDHSL s WBS DD (32) s NC 5SCyVGCTyVCoNCV o NCYRy
 74TENShsDVBsPLs2CDD(12)+0VC,XCDD(12)
. C i
C
G

I= 1.
512 IF(T—TT(I))SIO 511,5L1
511 I=1+1__ _
_. GO T0 512
510 I1I=I~-1
TETH=Q,L.0 .. __ . R
. IFlIII-2)515,45144514 _  _
514 DC 513 11=2,111 .
8512 TETH= TETH+LLCD(II)*(TT(II) TT(II 1))
515 TETH=TETH+LLCD(I) *(T-TT(I~-1))
LC=TETH/ AN -
LCD=LLCD(I)/AN__
D2=DD(1)
WPUL=WWPUL(1)
WTICT=0,.C
00 599 J=1,4N
AJ=J
I=1

P —

ikt s o

612 IF(AJELC-LL(1))610,611,611

611 I=1+1

GO TO 612
61C LCSL=(LC*AJ-LL(I~-1))/ (LLLI)-LLII-1))
01=D2
WPULI=WPUL e
WPUL=WWPUL({1-1)+( WWPUL (1) -WWPUL (T~1))*LCSL
D2=DD(1-1)+(DD(1)~DD(I-1))*LCSL
DDD(J)=(D1+D2)/2. -
WT(S) = (WPUL+WPULL)*LC /2.
595 WTCT=WTCT+WT(J)
 DO_598 I=1,N
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598

o SCAI)=LC*D(I)

101

__ Z2CDD(11=0.0
XCDD(I)=0.0 ___
. LLL=N+1-1
D(LLL)=DDD(I)
MCILLL)=WT(I)/32.174
DC 100 I=1,N
WT{I)=MC(I)#%32.174

a—— e - —_ e

B LINEAR DYNAMICS OF LINKS

IF(I-1)103,103,101
I1=1-1

00102 J=1,11__

— XCD(I)=XCDUI)+LCD*COS(PHI(J) L=LCXSIN(PHI(J) )*PHID(J)

_ZCD(E)=ZCO(1)+LCO*SIN(PHI(JI)I+LC*COSIPHI(J) )*PHIDLY)
ZCDD(1)=2CDD( 1)+LCD*COS (PHI (J) )*PHID(J) 2. +LC*COS{ PHI (J) ) *PHI DD( J)

_1=-LCXSINIPHI(J) ) *PHID( J)*PHID(J)

XCDD(I)=XCDG (1) =2 *LCD*SIN(PHI (J) )¥PHID(J)1~LC*COSIPHIIJ) ) *PHID(J)*

102

103

1PHIO(J)=LC*SINIPHL(J) ) *PHIDD(I) ___ _

_ CALL DENS(ZC(I),PR,RHOC(INLVSC) .

ZC(I)=Z2C(I)+LC*SIN(PHI(J)) _
ZCUI)=2C(1)+.5*LC*SIN(PHIAI))
XCD{I)=XCD(1)+.5%LCO*COS(PHI(I) )= 5%LCESIN(PHI(I))#PHID(I)

ZEDUI)=ZCD(T)+.5%LCD*SIN(PHI(I))+.5%LC*COSIPHI(T))*PHID(T) _
.. 2CCO(T1)=2COD( 1) +LCO*COSIPHI(I))*PHID(I )+, 5%LC*COS{PHI(I))*PHIDD(T)
1= SELCASINIPHILT) ) XPHID(I) *PHIDIT)  __

XCOD(1)=XCDD(T1)-LCO*S IN(PHI(T))*PHID( 1)-o5¢LC*COS(PHI( 1) )*PHID(T)*

_ 1PHID(1)~.5%LC*SIN(PHI (1) #PHIDD(I)

o . DRAG FORCES_ON_LINKS

-

VCAL) =SCRT(XCD(I) *XCD(I)+2CD{1)*2CD(1)).

DC_713 J=1,N
I=1
CIF(ZCUI)-ZZ(1)) 710,711,711
I=1+1

GO _T10 712

LCSL= (ZC(J) 1111- 1z n-zzt1-1)
VGC(J)=VV5!I-13+{VVGLI)=VVG(I-1))*ZCSL
NCV(J)=CDC*.S*RHOC(J)#SC}J)*ZCD(J)*ZCD(J) ;
NC(J)=CDC*.5%¥RHOC{JI*SCLJ)*{(VGC(JI)=XCD(J))*{VGC(J)}-XCD(I)))

DO 200 J=1,N

IF42CC(J))202,202,203

NCV (J)==NCV(J)
CONTINUE

DVC=0.0

DO_204 I=1,N
DVC=DVC+NCV (1) m—— =
IF(VGC1J)=XCD(J))2014200,200 . . B !
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.....01/712/68 - . . JETHER = _ . o
o ... 2CL NClJd)==NCtY). __ . . . o [
200 CCNTINUE - I e el - . —
LCLC=LC*LC eyl :
- LCLH=LC*H_ . . . _ - . - i . o
e LCLCO=LCALCD. R S
- RETURN , e S . .
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